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I.  niT'aoDucTion 

Interoieoallic  compounds  are  forraed  by  the  lanthanide  elements  uith  many 

of  the  other  metals  in  the  periodic  table.  These  materials  have  been  under 

investigation  in  this  laboratory  for  about  tvro  decades.  Studies  carried  out 

in  this  laboratory  and  elsevjhere  has  revealed  many  interesting  effects  - very 

pouerful  magnetocrystalline  anisotropies,  giant  magnetostriction  effects  and 

extensive  solvent  power  for  hydrogen.  The  powerful  magnetic  anisotropy  of 

these  materials  makes  them  of  practical  importance  in  the  fabrication  of  high 

energy  permanent  magnets.  These  can  in  turn  be  used  in  a variety  of  devices  - 

traveling  wave  tubes,  electric  motors,  watt-hour  meters,  frictionless  bearings, 

guidance  systems,  etc.  The  essential  features  of  these  substances  which  make 

them  of  utility  as  high  energy  magnetic  materials  have  been  described  in  tvro 

1 2 

relatively  recent  monographs.  ’ Basically,  the  pov/erful  magnetism  is  due  to 
the  crystal  anisotropy.  The  quantum  mechanical  details  of  the  lanthanide  con- 

3 

tribution  to  this  have  been  trorked  out  and  published,  during  the  present  con- 
trace  period.  The  author  I'egards  this  as  a major  contribution. 

T'.io  themes  have  characterized  the  v;ork  of  the  preceding  three-year  period: 
(l)  studies  designed  to  trace  the  povrerful  permanent  magnetism  of  rare  earth- 
transition  metal  systems  back  to  First  Principles  and  (2)  investigations 
directed  tovmrd  improving  our  understanding  of  the  magnetic  interactions  in 
rare  earth-tra.nsition  metal  systems.  The  purpose  of  the  latter  is  to  set  the 
stage  for  controlling  magnetic  structure  and  thereby  being  able  to  produce 
magnetic  structures  as  desired  by  appropriate  alloying. 

'The  rare  earth  contribution  to  the  magnetic  anisotropy  has  been  estab- 
lished to  be  a crystal  field  effect.  This  elucidation  has  come  about  after 
rather  detailed  studies  of  the  cryscal  field  interaccion.  This  has  involved 

Assistant  Professor  V.  U.  S.  Uao  and  Research  Assistant  Professor  S.  G. 
Gankar  rrere  significantly  involved  in  this  investigation. 
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three  kinds  of  experiment  - magnetization  measui'ements,  specific  heat  deter- 
minations and  :,he  study  of  spin-disorder  resistivity.  .These  experiments  have 

; been  examined  using  the  quantum  mechanical  formalism  knovm  as  the  equivalent 

operator  method,  'ihe  ci'ystal  field  studies  are  summa.rized  in  section  II. 

i 

'fhe  magnetic  anisotropy  originates  only  in  part  with  the  rare  earth  sub-  | 

3 

lattice;  the  transition  metal  sub  lattice  also  contributes,  but  in  most  cases  j 

uO  a minor  extent.  | 

A number  of  experiments  have  been  carried  out  to  elucidate  the  contribu-  1 

tion  of  the  transition  me  cal  sublattice.  These  are  summarized  in  section  III. 

■ Several  investigations  have  been  cai’ried  out  to  reveal  various  other 

i characteristics  of  the  magnecic  interactions  in  rare  earth-d  transition  metal 

] interme tallies . These  are  summarized  in  section  IV. 

I 

I It  should  be  clear  that  the  three -yeai-  program  being  summarized  in  ^his 

report  is  only  a segment  of  an  on-going  program  which  \jas  initiated  in  early 
January,  I965  and  is  being  continued  at  least  until  late  February,  1979* 

It  should  be  equally  clear  that  this  report  can  and  should  give  only  an 
overview  of  the  activioy  in  the  program.  For  the  full  story  the  reader  should 
consult  the  papers  listed  belnw  in  sections  II,  III  and  IV. 

II.  STUDIES  OF  'jiHE  CRYSTAL  FIELD  INtiERACIOU 
The  aspect  of  the  work  of  the  past  three  years  is  described  very  r'ell  in 
two  rather  major  review  papers  and  in  six  research  paper's,  '('hese  are  as  follows; 

Revie!.^  Papers 

1.  U.  E.  Wallace,  "tlie  Crystal  Field  Interaction  in  Relabion  to 
the  Magnetic,  Thermal  and  Transport  Properties  of  Rare  Earth 
In ter me  tallies  and  Hydrides,"  Proc.  of  the  Conf.  on  Crystal 

' Field  Effects  in  Metals  and  Alloys,  Montreal,  Canada,  June 

26-29,  1974. 

2.  E.  VJallace,  S.  G.  Sankar  and  V.  U.  S.  Rao,  "Crystal  Field 
Effects  in  Rare  Earth  Interme tallic  Compounds,"  to  appear  in 
S true ture  and  Bonding,  Springer-Verlag. 


\ 

I 

i J 


D 


Research  Papers 

1.  J.  V.  Mahoney,  'J.  Uallace  and  R.  S.  Craig,  "influence  of 
the  Ciystalline  Electric  Field  on  the  Heat  Capacity  and 
Resistivity  of  PrAl^,"  J.  Appl.  Phys.  2733  (197^+). 

2.  S.  G.  Sanlcar,  V.  U.  S.  Rao,  E.  Cegal,  'J.  E.  Uallace, 

Fi-ederick  and  H.  Garrett,  "Magne tociys talline  Anistropy 

of  SmCo^  and  Its  Interpretation  on  a Ciys cal  Field  Model," 

Phys.  Rev.  Bll,  435  (1975). 

3.  J.  V.  Mahoney,  VM  E.  Wallace,  R.  S.  Craig  and  S.  G.  Sankar, 

"Study  of  the  Crystal  Field  Interaction  in  NdAl^  by  Measuie- 
Meats  of  Heat  Capacity,  Susceptibility  and  Resii^tivi ty , " 

Inoi’g.  Chem.  2918  (1975). 

4.  T.  Inoue,  S.  G.  Sanltar,  R.  S.  Craig,  W.  l,.  Wallcice  and  K.  A. 
Gschneidner,  Jr.,  "Lo;;  Temperature  Heat  Capacicies  and 
Thermal  Properties  of  DyAl^,  ErAlo  and  L\:iAlo,"  J.  Phys.  and 
Chera.  of  Solids  38,  487  (1977). 

5.  S.  G.  Sanliar,  S.  K.  Malik,  V,  U.  S,  Rao  and  W.  E,  Wallace, 

"Effect  of  Magnetic  Anisotropy  on  the  Hea..  Capacity  of  HoAl^," 

Crys  tal  Field  Effec:.s  in  Metals  a_t^d  Alloys , A.  Furrer,  ed. , 

Plenum  Pi-ess,  lieu  i'orkTl977),  p.  1*53. 

6.  T.  Inoue,  S.  G.  Sankar,  R.  S.  Craig  and  W.  E.  Wallace,  "In- 
fluence of  the  Crysoal  Field  Interaction  on  the  Thermal  Be- 
havior of  ErAlg,  ibid. , p.  l43. 

The  first  of  the  review  papers  consists  of  31  pages,  the  second  of  98 
pages.  Where  is  no  way  ^o  surmoarize  these  lengthy  papers  e;ccept  to  say  that, 
as  noted  in  the  Introduccion,  ^hree  mechods  have  been  developed  to  enable  the 
crystal  field  interaction  to  be  established.  Additionally,  it  is  to  be  noted 
that  the  strength  of  this  interaccion  is  kT  '.rith  T of  che  order  of  two  or 
three  hundreds  of  degrees  kelvin.  Thus  it  is  comparable  vrith  exchange, 
actually  usually  larger,  ihe  present  report  can  serve  the  purpose  of  inform- 
ing the  reader  of  the  existence  of  the  t';o  reviei;s.  The  first  is  not  ',’idely 
available.  The  second,  which  includes  the  first,  will  be  widely  available 
upon  publication. 

Research  papers  1 and  3 above  are  very  similar,  ilie  first  deals  wi^h 
PrAl^,  the  other  with  isos ti'uci.ual  NdM^.  Because  of  the  general  similarity 
comments  will  be  confined  to  the  PrAl^  s.udy.  Measurement  of  magnetic 
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susceptibility  (x),  heat  capacity  (C^)  aad  elec  ;rical  lesistivity  (p)  uere  made. 
Kiere  uere  cleai  indications  of  the  effect  of  the  cryscal  field  interaction  on 
y->  and  p.  Analysis  of  this  shov/ed  ohe  specti'um  for  given  in  Table  I. 

Table  I 


Energy  Levels  and 

•5+ 

L'igenfunebions  fox'  Pr  in 

PTA13 

Eigenfunctions 

Ibment 

Energy 

Coefficients 

r* 

■3 

a * -3  > +a 1 3 > 

0.00  131.6 

0.737 

^'5 

b’+4>+c'T2> 

126.5 

-0.737 

-0.426 

c|:r4>-b'±2> 

0.426 

93.0 

a = 0.707 

^4 

-a|-3>+a'3> 

0.00  87.9 

-0.250 

b = 0.6l84 

' •Tl> 

0.250 

43.1 

c = 0.7858 

r 

‘ 1 

'0> 

0.00 

0.0 

It  is 

to  be  noted  tha',  the  ground 

state  is  a singlet  and  the 

overall  splitting 

is  131. ^'’K.  Results  for  NdAl^  are  genei'ally  similar,  as  might  be  expected  in 

vieu  of  the  structural  similarity  of  these  tv;o  compounds,  estimates  of  the 

overall  splitting  for  in  NdAl^  range  from  126  to  l67'’K. 

0 

iiesearch  pepers  4,  5 and  6 deal  vrith  rare  earth-aluminum  Laves  phase 
compounds,  ilie  overall  splitting  is  about  100 'K  for  Ml^  phases  \rith 
R = Dy,  Er  and  Ho. 

Research  paper  2 above  provides  a theoretical  explanation  for  the  sti'ong 
magnetic  anisotropy  of  SmCo^,  Early  uorJ^  by  Greedan  and  I'ao^  provided  an 
accouno  of  Jie  anisotropy  in  )’Co^  and  IL,Co^^  phases  using  the  operator  equivalent 
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aethod.  This  farraalisa  is  satisfacoOiy  only  uhen  inhere  is  no  mixing  of  J 
scoies,  the  situation  for  most  of  the  rare  earth  interme tallies  for  which  the 
multiplots  are  ’.’idely  spaced.  It  is  not  so  for  Sm  , vrhich  is  an  especially 
interesting  case  because  of  che  importance  of  omCo^  in  permanent  magnet  fabri- 
cation.  In  ^his  case  the  .lacah  algebra  must  be  used.  The  Sm  sublattice 
anisotropy  is  properly  accounted  for  using  reasonable  values  of  the  ciystal 
iiold  itiocnsity  parameters  (Ai^  < i-^>  = -420"’K,  < r^>  = -25°Kj  Ag  < x'^>  = 

1“K  and  < r*^ > = 6®K)  ond  the  Hamiltonian  as  follo^rs: 

K = \ L-D  + + 2i.ijjS  (where  S = S^or  S^) 

is  evaluated  by  the  tensor-operator  technique  devised  by  Racah. 

= 24o°IC,  v;hei'e  k is  the  Boltzmann  constant. 

Ihe  energy  of  the  Sm^^  sub  lattice  vras  calculated  i/ith  moments  pai-allel 
(z  direction)  and  perpendicular  (x  direction)  to  ohe  c-axis.  The  energy  was 
found  to  be  lower  for  the  z direction  by  an  amount  that  agreed  well  ’.'ith  re- 
sults obtained  experimentally  by  Frederick  and  Garx'ett  of  the  'iright-Patterson 
Air  Force  Base.  .Thus  the  source  of  the  pov;erful  anisoti'opy  and  high  energy  of 
SmCo^  permanent  magnets  has  been  established.  Similar  calculations  were  made 

5 

by  Buschow,  Van  Diepen  and  de  Uijn  ao  a slightly  later  time. 

III.  STUDIES  TO  ELUCIDATE  xlIE  TR\NSITION  ELEIIENT 
SUB-IATTICE  ANISOTHOF; 

During  the  preceding  3-year  period  4 papers,  all  original  research,  wei-e 
published  in  this  area.  They  are  ns  follows: 

7.  K.  S.  V.  L.  ITarasimhan  and  W.  E.  'fallace,  "^iagnetic  Properties 
of  RpFeiY.xlL;  (R  = Y,  Ho  and  M = ITi,  Al)  and  Yg.x'iTV'ej^, 

Compounds,"  AIP  Conf.  Px'oo.,  No.  18,  1240  (1974). 

8.  K,  S.  V.  L,  llarasimhan,  VJ.  E.  Wallace,  R.  D.  Hutchens  and 
J,  E.  Greedan,  "Magnetic  Anisotroipy  of  R2^°17  Compounds 
(n  = Er,  Tra,  Yb),"  ibid..  Wo.  l8,.l212  (1974). 
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9-  K.  S.  V,  L.  NcirasiinhLin,  "llagncliic  AnisoLropy  of  Fe,  Mn 

and  III  bubs wituLecl  ErCo^  Ternaries,"  IEEE  Trans,  -lag,  uAG  12, 

1009  (1976). 

10.  I'.  3.  V.  L.  Ifcrasirnhan,  C.  Do-Dinh,  U.  E.  Wallace  and  E.  D. 

Hutchens,  "Ilagne'.ic  Properties  of  the  ThCoc  System," 

J.  Appl.  Phys.  k6,  4561  (1975). 

In  i;Co^  interrae tallies  thei-e  are  ouo  crystallographically  distinguish- 
able varieties  of  cobalt  - the  so-called  2c  and  3g  cobalts.  One  uishes  to 
kno\/  how  each  of  these  contributes  to  the  magnetic  anisotropy.  In  the  HgCo^^ 
(or  R2Fe^^)  interme tallies  there  are  fovu*  kinds  of  Co  (or  Fe).  Presumably 
each  is  contributing  to  the  anisotropy  each  in  its  orm  special  way.  Addition- 
ally, in  the  R^Co^^  interme  tellies  there  are  t\70  kinds  of  rare  earths.  Thus 
in  the  RCo^  interme  tallies  !heie  are  three  magnetic  species  and  in  the  r.^Coj^^ 
interme tallies  there  are  six.  The  role  of  the  rare  earths  has  been  established 
theoretically  but  as  yet  this  is  an  intractiblc  approach  for  the  d transition 
element  sub-lattice.  An  experimental  approach  is  accordingly  necessary. 

The  strategy  being  follo\.’ed  is  to  substitute  preferentially  on  the  several 
sub-lattices  and  to  study  systematically  the  alteration  in  magnetic  properties. 
Crystal  chemical  principles  are  used  to  arrange  the  preferential  substitution. 
The  first  example  of  'his  v;as^  the  study  of  R-Co,-  T with  T = Fc  or  Mn.  In 
these  cases  the  sign  of  the  anisotropy  \,'os  changed  by  alloying  \,’ith  Fe  or  Mn. 

Paper  Ho.  7 involves  RgFc^y-based  ternaries  with  R = Y,  Tm  or  Ho.  Fe  is 
partially  replaced  by  Hi  or  Al.  Fe  is  strongly  magnetic  in  these  materials 
(~  per  atom)  whereas  Hi  is  \feakly  magneoic  (~  per  atom)  and  Al  is 

non-magne  .ic.  Yet  -..'hen  Fe  is  replaced  by  Hi  or  Al,  sharply  increases. 
ToigPej^y  \;as  found  to  be  an  extremely  interesting  con^jound.  Its  magncuic 
structures  arc  given  in  Table  II. 


Table  II 


Magnetic  Characterisoics 

of  TmgFc^^ 

T(°K) 

Easy  Axis 

S true  turc 

0-85 

parallel  to  c-axis 

Ferrimagnetic 

85-265 

in  basal  plane 

Ferrimagnetic ’ 

265-285 

Spiral 

> 285 

Pa.i'amagnetic 

* 

The  Tm  and  Fe  moments  are  coupled  anti-parallel. 

"Che  Fe  sub-lattice  has  a preference  for  an  easy  axis  in  the  plane,  the  Tm 
sub-lattice  prefers  c-axis  uniaxiaiity.  Hie  latcer  predominates  only  at  low 
temperatures.  Replacemeni.  of  Fe  uith  Hi  or  A1  decreases  the  Fe  sub-lattice 
anisotropy  in  and  the  85°K  transition  (indicated  in  Table  II)  moves 

proci'Gssively  upuard,  reaching  24o°K  in  Iiir-iFe^f^Al^ . The  suggescion  is  that 
A1  has  progressively  replaced  Fe  in  Jie  4f  (i.e.,  dumbbell)  crys^.allographic 
sites,  lliese  sites  are  recognized  as  the  source  of  the  strong  basal  plane 
anisotropy  in  RgFe^^  or  phases. 

Paper  8 deals  uith  tlie  determination  of  the  easy  axis  in  R2COj^y  uith 
R = Er,  Tm  and  Yb.  The  first  ti;o  are  uniaxial  materials  at  300'’K,  the  latter 
appears  to  have  a conical  structure.  Anisotropy  fields  (H^)  uere  determined 
and  are  given  in  Tabic  III. 

Table  III 

Anisotropy  Fields  for  K^Co^^  Compounds 

^2‘^^17 

4^IC  30  70  30 

300’K  l3  18  19 


in  kOe 
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Paper  9 represents  a continuation  of  the  '.rork  in  paper  8,  focusing 
attention  on  Er^Co^^^.  As  noted  above,  it  is  uniaxial  but  has  a fairly  low 
value  of  The  work  of  Sche-ller  et  al.  showed  the  uniaxiality  could  be 

induced  in  basal  plane  R2Co^^  systems  by  partially  replacing  Co  with  Fe  or  Mn. 
'This  suggested  that  H.  for  Er^Co  ^ might  be  strengthened  by  partially  replacii:g 
Co  in  it  vjith  Fe  or  Mn.  The  effect  of  Mn,  shown  in  Table  IV,  is  particularly 
dramatic. 


Table  IV 


Anisotropy  Fields  and  Curie  Temperatures  of 

Er.,Co,  Mn  Ternaries 
2 17-x  X 


T^(»K) 


H^(kOe)  at  4.2°K 


Uork  by  iloth’.'arf , Leupold,  Greedan,  ^Tallace  and  Das  on  Th(Co^  Fe  )_  end 

jL*X  X j 

Y(Co  Fe  ternaries  suggested  that  the  Co  sub-lattice  anisotropy  originated 

X.**X  X p 

primaiily  with  the  2c  Co  atoms,  i.e.,  those  in  planes  v/ith  '£h,  Th  being  their 
nearest  neighbors.  Paper  10  deals  i/ith  similar  subject  matter  - the  study  of 
ThCo^  Neutron  diffraction  work  by  Atoji,  Do-Dinh  end  Uallace 

on  these  ternaries  showed^  that  Ni  replaces  Co  preferentially  at  the  2c  sites. 
Studies  of  the  anisotropy  fields  of  iliCOj.  Ki^  ternaries  is  consistent  with 

p— X X 

this  and  also  with  the  notion  that  the  transition  me  cal  sub -lattice  originates 
primarily  with  Co  at  the  2c  positions. 

Conclusions  derived  from  the  AiiO -supported  work  at  Pittsburgh  are  supported 
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by  recent  polarized  neutron  diffraction  studies  by  Deportes  et  al. 

• le  now  have  a reasonable  idea  as  to  anisotropy  in  the  ll2Co^^  and  ilCo^ 
compounds  and  how  to  bring  about  "favorable"  anisotropy,  but  do  not  knov;  i.he 


"u’liy."  Very  sophis^icc. . eO  i,heoiy  -..’ill  necessarily  be  entialed  in  the  full 
el ucida  i,ion  of  these  intei’esting  phenomena 


IV.  maiffixic  nuEx/.c ficrjG  iii  selecild  intejj.etallics 


In  the  grant  period  six  research  papers  in  this  area  have  been  pub!J.ished. 


They  aie  as  follo-.’s: 


11. 


12. 


V.  f*  V.  .iurasiuiian, 

• ul,  ,14*.' t ic  iTOjJiil.  oi'  *'’(■*!_  Tu  A’ V ■> 
Sol.  Scute  C.ie...  u,  Jii  (1973).  '■  ''  “ 


.. . vvailacij  and  il. 
ami  f:c1]__^.Ce,.i'e2/' 


S. 

j , 


K.  E.  V.  L.  Nai’asi;nhan,  V.  U.  S.  i!ao,  iJ,  E.  '.'allace  and  I.  Pbp, 
"Magnetic  Properties  of  r<I>ln2X2  Compounds  (E  = Eare  Earth,  Y or 
'ill  and  ::  = Ge,  Si),"  AIP  Conf.  Proc.  §2,  59^  (1976). 


13. 


M.  Coidea,  I.  Pop,  W.  K.  Wallace  and  K.  S. 
"i'tognetic  Characteristics  and  ISH  of  UCu, 
11  (1976). 


5’ 


V.  L.  Narasimhan, 

" Magnetism  Lett.  1, 


l4.  D.  M.  Gualtieri,  K.  S.  V,  L.  Narasimhan  and  \1 . L.  h^allace, 
"Magnetic  Properties  of  the  Hydrides  of  Selected  Hare  Earth 
Interme tallic  Compounds  with  Transition  Metals,"  AIP  Conf. 
Proc.  3^+,  219. 


15.  M.  Merches,  K.  S.  V.  L.  Narasimhan,  'J.  E.  Wallace  and  A. 

Ilyushin,  "Magnetic  Properties  of  R(Fe]^_j^'ln  )2  Compounds 

(R  = Gd,  rb,  Dy,  Ko  or  Er),"  AIP  Conf.  Proc.  233  (1976). 

16.  K.  S.  V.  L.  Narasimhan,  "Magnetic  Characteristics  of  the 
MnI'IiSii_  Ge  Compounds  Crystallizing  in  the  Co^P  Type 
Structure,"  AIP  Conf.  Proc.  3^+,  ^0  (1976). 

Papers  11,  12  and  l4  all  have  the  same  ultimate  objective:  to  attempt  to 


manipulate  the  nature  of  rare  earth-transition  meoal  coupling  by  alloying  in 


such  a way  as  to  change  the  electron  concentration.  A.n  example  of  this  is  the 
study  of  the  Gd.,  Th  Fe„  system  in  paper  11.  'When  oetravalent  Th  replaces 
trivelent  Gd  it  is  expected  that  the  electron  concentration  will  be  increased. 


Since  the  KIQCY  interaction,  which  presumably  couples  the  Gd  and  Fe  moments, 
is  electron  concentration  sensitive,  it  vras  hoped  chat  the  fei’rimagnetic  Gd-Fe 
coupling  in  GdFeg  could  be  made  ferromagnetic  in  the  ternaries.  This  did  not 
develop.  The  Fe  moment  decreased,  indicating  that  the  extra  electron  provided 
by  Th  did  not  increase  the  electron  concentration  but  instead  v/as  absorbed  by  Fe 
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In  paper  12  a series  of  compounds  v:ere  soudied,  represented  by  the  formula 
^3^2X2  where  R = a rare  earth,  Y or  lTi  and  X = Si  or  Ge.  These  materials  form 
in  the  BaAlj^  struccure.  A variety  of  magnetic  behavior  is  observed  for  the  20 
compounds  studied.  The  original  paper  should  be  consulted  for  details.  This 
work  v;as  to  set  the  stage  for  work  involving  quaternary  systems,  e.g., 

LailOo  ^*ere  f = Cr,  Fe,  Co,  Ni  or  Cu. 

The  effect  of  absorbed  hydrogen  on  rare  earth-Fe  coupling  \ras  investigated 
in  paper  lU.  The  compounds  RFe2  v^ith  R = Ho,  Er  and  Tm  v;ere  investigated. 

These  materials  absoi'b  hydrogen  in  copious  amounts.  The  most  significant 
resulcs  obtained  are  listed  in  Table  V. 

Table  V 

Magnetic  Chaiacteris tics  of  Hydrogenated  RFe2  Systems 

Magnetization  at  U.2°K  Curie  Teraperatux-e 

(i_.  per  formula  unit  (°K) 


HoFe2 

5.11 

6l4 

HoFc2H^^5 

2.35" 

287 

ErFCg 

596 

ErFegHs^g 

5.60'"' 

280 

TraFeo 

2.52 

610 

£ 

TmFe2Hj^^2 

6.45 

270 

Measured 

at  an  applied  field  of  21  kOe. 

I Measured  at  an  applied  field  of  120  kOe. 

Hydrogenation  rather  strikingly  reduces  the  interactions,  as  reflected  in 
the  Curie  temperature,  and  in  the  case  of  Ei'Fe2  and  TmFe2  increases  the  magneoi- 
zation.  The  effect  for  TniFe2  is  striking.  In  KFe2  the  R and  Fe  moments  are 
coupled  antiparallel.  The  rise  for  TmFe2  upon  hydrogenation  suggests  that  this 
may  no  longer  be  true  for  the  hydrogenated  material.  The  presence  of  hydrogen 
seems  to  have  affected  the  Tm-Fe  coupling.  If  the  coupling  has  been  reversed, 
it  vrill  be  the  first  instance  in  which  this  has  been  accomplished. 

d 


Ilyclrosenated  TmFe^  and  ErFe^  are  unusually  difficult  ta  saturate.  Results 
are  shown  in  the  accompanying  diagram.  Ihe  source  of  this  exceptional  magnetic 
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hardness  is  as  yet  unlcnown. 

In  paper  13  the  bulk  magnetic  properties  of  (cubic)  UCu^  have  been  inter- 
re  la  ved  to  its  Cu  IMt  characteristics.  U in  this  macerial  behaves  as  a free 
tripositive  ion  as  deduced  from  its  susceptibility.  Normally  the  light  actinide 
metals  exhibit  only  Pauli  paramagnetism,  indicating  delocalized  5f  electrons. 

O 

In  UCu^  the  U-U  distance  is  ~ 5A  and  the  5f  electrons  are  localized.  From  the 
Knight  shift  dependence  on  temperature  (or  susceptibility)  the  strength  of  the 
s-f  exchange  has  been  established  for  the  two  non-equivalent  copper  sites. 

Jgfd)  = -0.58  eV  and  Jgf.(H)  = -0.35  eV. 

In  paper  15  the  magnetic  properties  of  the  ternaries  R(Fe  Iln  )„  (R  = Gd, 
Tb,  Dy,  Ko,  Er)  were  studied.  With  three  magnetic  species  pi'esent  complex  mag- 
netic coupling  schemes  are  possible.  Ihe  study  v?as  carried  out  in  an  at  tempt 
to  elucidate  the  coupling  scheme.  The  transition  metal  sub-lattice  moment  is 
given  in  Table  VI. 

Table  VI 

Transition  Metal  Sub-lattice  Moment(ug)  in 
R(Fe  ^,Mn  )«  Systems 

X t- 
X 


R 

0 

0.2 

0.4 

0.6 

0.8 

Gd 

4.2 

3.14 

2.18 

1.86 

1.77 

Tb 

3.28 

1.82 

1.99 

1.83 

1.42 

Dy 

4.5 

4.36 

3.50 

2.97 

2.24 

Ho 

4.0 

2.83 

2.14 

1.8 

0.39"‘ 

Er 

2.96 

— 

1.05 

1.33 

0.l4’‘ 

Y 

2.9 

2.0 

1.2 

0.4 

■Ir  , 

Cl4 

s true  tuies 

. All 

the  other 

materials 

iFcre  in 

cubic  CI5  structure. 
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'the  decline  in  a-r-nsi^ion  necal  momenc  could  be  due  Id  simple  dilution  or 
atitiferrona^netlc  couplini^'  of  I'e  and  tin.  Decision  between  tneso  alternatxves 
requires  additional  info^iaation,  e.g.,  neutron  diffraction  studies.  The  best 
guess  is  that  Mn  carries  a small  raoment  (<  0.5hg)  aligned  anciparallel  to  the 
Fe  moment. 

In  paper  l6  a study  '.tas  made  of  the  influence  of  substituting  Ge  for  Si 
in  Mni'IiSi,  This  compound  is  feiroma.gnetic  v/ith  = 6l6“K  and  a magnetic 

moment  of  2.5Ug.  It  was  hoped  that  and  the  magnetic  moment  could  be  en- 
hanced by  increasing  the  Mn-Mn  distance,  to  be  brought  about  by  replacing  Si 
with  Ge.  Single  phase  materials  were  produced  for  the  range  MnKiSi  up  to 
linWiSiQ  8'  magnetization  from  2.5  to  is  found  as  Ge 

replaces  Si  but  declines  steadily.  The  highest  Ge  conoent  alloy  is  meta- 
magnetic,  but  MriNiSi^  t lower  content  Ge  alloys  are  found  co 

be  ferromagnetic. 

The  several  studies  involving  Mn  alloys  represented  attempts  to  form 
ferromagnetic  sys:.ens  in  v.’hich  lln  was  contributing  substantially  to  the  magne Li- 
za ion.  It  is  linovm  that  in  the  Honsler  alloys  Mn  exhibits  a moment  of  5lJg  per 

O . 

atom.  In  these  m.','. terials  the  Mn-Mn  distance  is  large  (>  3 A).  It  is  also  kno'jn 

. O 

i.hat  v;hen  i.he  Mn-Mn  distance  is  reduced  below  ~ 2.8'A,  the  d electrons  delocal- 
ize and  the  local  moment  vanishes.  The  several  studies  described  v/ere  attempts 
to  form  compounds  in  vrhich  the  Iln-Mn  spacing  was  sufficiently  large  to  bring 
out  the  large  Mn  moment  - cither  this  or  to  set  the  stage  for  other  studies 
vrith  this  intent. 

Many  inteiesting  features  of  Mn  systems  have  been  revealed  - the  effect 
on  anisotropy,  on  end  on  coupling.  These  effects  vrarra 


further  no to nt ion. 
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